G
ram-negative bacteria release OM vesicles (OMVs, blebs) into the environment (1) . OMVs are spherical bodies with diameters of 50 to 200 nm that are composed of a phospholipid bilayer containing OM proteins, lipopolysaccharide (LPS), and a cargo of periplasmic proteins (2) .
Bacterial OMVs contribute to intraspecies and interspecies delivery of proteins (3, 4) and to nutrient acquisition (2) . OMVs of pathogenic bacteria add to virulence, e.g., by delivery of toxins to host cells via membrane fusion (5) .
OMV release has been proposed as a novel trait for protein secretion distinct from type I to VI secretion (6) . Oxidative stress triggers vesiculation (7) , which might be a mechanism to shed OM contaminated with antimicrobials or misfolded proteins (6) . So far, no conserved mechanisms of bacterial vesiculation have been defined.
Global qualitative proteomic profiling has been conducted for OMVs of, e.g., Pseudomonas aeruginosa, Escherichia coli, Neisseria meningitidis, Myxococcus xanthus, and Acinetobacter baumannii primarily addressing the qualitative protein composition (8) (9) (10) (11) (12) (13) . Reports addressing the selective sorting of distinct proteins into OMVs are rare (14) . A comprehensive quantitative comparison of the protein contents of OMVs and OMs has not been conducted so far.
N. meningitidis is restricted to humans and frequently colonizes the upper respiratory tract. Progression of meningococcal sepsis is exceptionally quick (15) . Fulminant meningococcal sepsis (FMS) is accompanied by high death rates (summarized in: reference 16). During FMS, N. meningitidis releases large amounts of OMVs (spontaneous OMVs [SOMVs] ), which are assumed to contribute to disease progression (17, 18) . SOMVs have also been shown to protect meningococci from binding to neutrophil extracellular traps and subsequent killing in vitro (19) .
Meningococcal OMVs are also components of a vaccine against N. meningitidis serogroup B strains (20) . Detergent-extracted OMVs (DOMVs) (21) , so-called native OMVs (NOMVs) induced by chelating agents (22) , and SOMVs (12) , which are regarded as the natural form of OMV release, are used as vaccine components. Initial comparative studies using two-dimensional gel electrophoresis coupled with liquid chromatography (LC)-tandem mass spectrometry (MS/MS) revealed qualitative protein differences between DOMVs and SOMVs (12) . More recently, qualitative and quantitative differences among SOMVs, NOMVs, and DOMVs were addressed by using a gel-free approach (23) . The comparison revealed enrichment of lipoproteins in SOMVs and NOMVs, whereas DOMVs were enriched with cytoplasmic proteins (23) .
Here, we report a comprehensive quantitative proteomic comparison of SOMVs with the meningococcal OM. By applying a novel approach to the metabolic labeling of meningococcal proteins with 15 N, we were able to precisely determine the protein compositions of SOMV and OM fractions. We observed an enrichment of numerous minor OM proteins in SOMVs, whereas the major OM proteins porins A and B and OM-anchoring proteins were depleted from SOMVs. This study shows the enrichment and depletion of proteins in SOMVs, shedding light on possible mechanisms of SOMV formation and on pathogenesis. [24] ) and 2120 (ST-11, disease isolate, 1997, Germany [25] ) were used. Bacteria were cultivated at 37°C in a CO 2 -enriched atmosphere on the novel minimal medium MMM (minimal medium for metabolic labeling of meningococci) containing 8 g/liter agarose. MMM is based on previously described minimal media (26, 27 (28) .
MATERIALS AND METHODS

Bacterial
Preparation of SOMVs and OM. MC58csb Ϫ and 2120csc Ϫ grown on gonococci agar plates at 37°C and 5% CO 2 for 10 h was resuspended in phosphate-buffered saline (PBS), pH 7.4, and adjusted to an optical density at 600 nm (OD 600 ) of 0.1. The bacterial suspension was streaked onto agar plates with cotton swabs to achieve confluent growth. After 12 h of incubation at 37°C and 5% CO 2 , the bacteria were collected from the plates and resuspended in PBS. After centrifugation at 15,000 ϫ g for 30 min, protease inhibitor (Roche Diagnostics) was added to the supernatant, which was subsequently filtered through 0.2-m-pore-size filters (Sarstedt) to obtain SOMVs.
OM material was obtained from the bacterial pellet by the detergentfree "shake-and-bake" method (29, 30) . In brief, the bacterial pellet was dissolved in 0.2 M lithium chloride-0.1 M lithium acetate (pH 6.0) and non-acid-washed glass beads (0.5 mm) (Sigma-Aldrich). The suspension was incubated at 45°C for 2 h while shaking at 250 rpm and subsequently centrifuged at 15,000 ϫ g and 4°C for 30 min. Protease inhibitor (Roche Diagnostics) was added to the supernatant, which was subsequently filtered through 0.2-m-pore-size filters (Sarstedt) to yield OM particles.
The SOMVs and OM from both filtrates were pelleted by ultracentrifugation (200,000 ϫ g, 90 min, 4°C) with a Beckman L7-65 ultracentrifuge and a 70.1 Ti rotor. The SOMV and OM pellets were resuspended in PBS and centrifuged for another 90 min at 200,000 ϫ g. This washing step was repeated twice. The final SOMV and OM pellets were resuspended in deionized H 2 O. A 500-l portion of either SOMV or OM suspension was mixed with 500 l of 25% sucrose containing 1 mM EDTA. These samples were carefully loaded onto a density gradient composed of 1-ml portions of 25, 30, 35, 40, 45, 50 , and 55% sucrose in 1 mM EDTA and then ultracentrifuged (30,000 rpm, 16 h, 4°C) in a Beckman L7-65 ultracentrifuge with a 40.1 Ti rotor. Pure SOMV and OM particles were obtained from the 45 and 50% sucrose fractions. Residual sucrose was removed by serial washing with deionized water and subsequent ultracentrifugation. Final SOMV and OM suspensions were stored at Ϫ80°C.
14 N-15 N mixing and proteomic measurement. A sample containing equal amounts of 15 N-labeled SOMV and the OM proteins was used for quantitative assessment of the amounts of peptides within SOMV and OM fractions according to reference 31. By the addition of equal amounts of an internal standard to the samples compared, any possible bias incurred during sample preparation was kept to a minimum. Following the preparation of SOMV and OM fractions, samples were subjected to onedimensional SDS-gel electrophoresis, followed by tryptic in-gel digestion according to previously described methods (32) . Protein concentrations of SOMV and OM preparations were quantified with the Pierce bicinchoninic acid protein assay kit.
MS measurement. The digests were measured by LC-MS/MS as described in reference 33. In brief, the peptide samples were subjected to reversed-phase C 18 column chromatography on the nanoACQUITY UPLC system (Waters Corporation) with a two-column setup by which the sample was first concentrated and desalted and then eluted on a separation column. MS/MS data were acquired with an LTQ-Orbitrap mass spectrometer (Thermo Fisher) coupled on line to the chromatography system. Data analysis and 14 N/ 15 N quantification. Acquired MS/MS data were processed to yield *.dta files from *.raw files by using Sorcerer v3.5 (Sage-N Research, Inc.) with no charge state deconvolution or deisotoping performed. The data were then searched by using Sorcerer-SEQUEST (ThermoFinnigan; version v.27, rev. 11) against the N. meningitidis strain MC58 (34) The cured search results were then used for parsing by the Census software (37) to obtain the relative quantitative data of 14 N peaks (sample) versus 15 N peaks (pooled reference). Quantification results were exported (R 2 values of Ͼ0.7; only unique peptides; proteins failing to be relatively quantified were checked manually in the graphical user interface for on/ off proteins). Proteins relatively quantified with at least two peptides were taken into account in the subsequent analysis.
Data analysis: normalized spectral abundance factors (NSAFs). For determination of NSAFs, MS/MS spectra were extracted from *.raw files by Sorcerer v3.5 (Sage-N Research Inc.). Database searching was carried out by Sorcerer-SEQUEST matching the same parameters as for the relative quantification but leaving out the second iteration of searches for the reference mass trace. Scaffold (version 3.4.3; Proteome Software Inc.) was then used to filter the peptide and protein identifications: For reliable peptide identifications, deltaCn scores of greater than 0.1 and XCorr scores of greater than 2.2, 3.3, and 3.8 for z ϭ 2, 3, and 4 were required. Protein identifications were accepted if at least two identified peptides were detected with the peptide identification criteria just described. NSAFs were then calculated according to Zybailov et al. (38) .
Prediction of protein localization. Subcellular localization of proteins was predicted according to the NeMeSys database containing eight (re)annotated N. meningitidis genomes (39) . For all proteins without annotation of subcellular localization in the NeMeSys database, the PSORTb algorithm was used for prediction (40) .
Protein determination, Western blotting, and enzyme-linked immunosorbent assay (ELISA). SDS-PAGE and immunoblot analysis were done as described previously (41) . Antibodies against PorA (P.1.7., NIBSC), PorB (polyclonal antiserum against PorB), ZnuD (1042, kindly provided by Martine Bos, University of Utrecht, Utrecht, The Netherlands), NMB0801 (kindly provided by Mariagrazia Pizza, Novartis Vaccines and Diagnostics, Siena, Italy), FetA (42), Opc (B306; MPI for Infection Biology, Berlin, Germany), fHbp (741 antiserum against fHbp variant 1, kindly provided by Maurizio Comanducci, Novartis Vaccines and Diagnostics, Siena, Italy), and NadA (kindly provided by Nikolaus Ackermann, Max von Pettenkofer Institut, Munich, Germany). Gels were scanned with a GS-800 calibrated densitometer (Bio-Rad) and analyzed by the PDQuest Advanced software (version 8.0; Bio-Rad).
ELISA for quantification of NspA was performed as described previously (43) , with the following exceptions. Twenty-microliter aliquots containing 1, 5, 10, 20, or 40 g of total SOMV or OM fraction protein were added to wells of flat-bottom 96-well microtiter plates (Greiner bioOne). Anti-NspA antibody 14C7 (43) was used for detection. The OD 405 was determined with a microtiter plate reader (Thermo Labsystems).
Transmission electron microscopy (TEM). For the visualization of SOMVs and OMs by TEM, vesicles were purified as described above and set to a final concentration of 400 g protein per ml of PBS. Thirty microliters of the SOMV or OM suspension was dropped onto Parafilm (Brand). Glow-discharged 300-mesh carbon-coated copper grids were carefully placed on top of the SOMV or OM drops for 5 min to allow the adsorption of vesicles to the grids. The grids were then air dried for 10 min and fixed with ethanol. After two washes with PBS, the grids were negatively stained with 2% uranyl acetate for 1 min. Micrographs were generated with an accelerating voltage of 80 kV and a 906 E electron microscope (Carl Zeiss), a Proscan slow-scan camera, and the corresponding iTEM software (Soft Imaging System).
RESULTS
Conditions for stable isotope labeling with
15 N and SOMV and OM isolation. In this study, a quantitative comparison of the SOMV and OM proteins of N. meningitidis is reported. Quantitative assessment required the development of a metabolic-labeling approach for N. meningitidis to produce internal standards, which greatly increase the precision of quantitative comparisons (33) .
To achieve reliable labeling of N. meningitidis proteins with 15 N, we developed a minimal medium for stable isotope labeling of N. meningitidis called MMM. Figure 1 summarizes the work flow for the preparation and analysis of SOMVs and the OM. SOMVs were obtained from supernatants of N. meningitidis cells grown on MMM agar plates, followed by resuspension and centrifugation steps. The N. meningitidis OM was obtained from the cell pellet by the so-called "shake-and-bake" method, which applies lithium chloride-lithium acetate at 45°C. The mild procedure (free of detergents and EDTA) is regarded as the gold standard for neisserial OM purification because of its high specificity for the OM compartment (29, 30, 44) and high yields of OM (45) . Unlike methods using lysozyme-EDTA to induce spheroplasting during OM purification, such as the "Osborne procedure" (46) , the "shake-and bake" procedure does not significantly alter the protein composition of OMs by the release of major membrane proteins such as PorA (47) . Both SOMVs and OM particles were obtained by ultracentrifugation. Contaminating protein aggregates were removed from the preparations by density gradient centrifugation. For quality control, SOMVs and the OM were subjected to TEM and denaturing SDS-PAGE (Fig. 2) . TEM of both SOMVs ( Fig. 2A ) and the OM (Fig. 2B) showed membranous round bodies with diameters of 50 to 100 nm. SDS-PAGE of SOMV and OM preparations (Fig. 2C ) revealed a strong reduction of the number of protein bands in comparison with whole-cell lysates and an enrichment of proteins of 23 to 46 kDa. The banding patterns very much resembled those described previously (12) .
Quantification of SOMV and OM proteins against the 15 Nlabeled internal standard. To determine differences in protein abundance between the SOMV and OM fractions, metabolically 15 N-labeled mixtures of SOMV and OMV preparations were used as internal standards. Equal protein amounts of either unlabeled (light, 14 N) SOMV or OM preparations were mixed with equal amounts of the metabolically labeled (heavy, 15 N) internal standard. By mixing 14 N-and 15 N-labeled proteins, every light protein species of unknown amount in either SOMV or OM preparations corresponded to a heavy protein species counterpart that was obtained by running the preparation procedure (Fig. 1) . Using equal amounts of internal standard in the samples compared, any possible bias incurred from sample preparation to MS was kept to a minimum. Unlabeled peptides from either the SOMV or the OM fraction were quantified by highly accurate MS against the respective 15 N-labeled peptides from the internal standard by discriminating the mass shift between the light ( 14 N) and heavy ( 15 N) labeled peptides of the same peptide species. For each peptide of SOMV and OM samples, the proportions of heavy and light vari- ants were determined, which allowed the calculation of relative protein abundance between SOMVs and the OM. Only 14 N-labeled proteins, which were quantified in at least two out of three biological replicates against the 15 N internal standard, were included in the data analysis. One hundred seventy-two proteins from SOMV fractions and 207 proteins from OM fractions were quantified against the 15 N standard, with an overlap of 155 proteins (Fig. 3A) . We observed an almost complete overlap of quantified OM and periplasmic proteins between OM and SOMV fractions, while the overlap of inner membrane (IM) proteins and cytosolic proteins was about 50% (Fig. 3A) . For a comprehensive list of all of the proteins quantified against the metabolic standard, see Table S1 in the supplemental material. For 155 proteins found in both the SOMV and OM fractions, a ratio of abundance relative to the 15 N standard was calculated (Fig. 3B) . Of the 61 OM proteins, 45 were significantly more abundant in the SOMV fraction whereas 9 were more abundant in the OM fraction. Of the 28 periplasmic proteins, 20 were more abundant in the SOMV fraction. Thirty of 52 cytoplasmic proteins were enriched in the OM fraction (Fig. 3B) . Using the NSAFs (Table 1) , which are a measure of the relative portion of a protein in proteomic analysis, we determined the relative amounts of proteins with the respective subcellular localizations (Fig. 3C) . Almost 80% of the protein in the SOMV and OM fractions were in the OM, which suggests a high purity of the preparations. SOMVs contained about twice as much periplasmic as OM protein. Periplasmic proteins are very likely packed into SOMVs during natural vesiculation, while the lithium chloride-acetate-induced OM release does not include such a biological packing step. The OM fraction comprised about 50% (16% versus 10%) more cytosolic protein mass than SOMVs. This difference might be due to cell lysis during OM preparation or a selective binding of cytosolic proteins to certain OM areas.
Functional categorization of differentially distributed OM and periplasmic proteins. Among the 40 OM proteins significantly enriched in SOMVs, we identified 5 of the 6 known autotransporter proteins of strain MC58, i.e., App, Iga, AusI, NadA, and NalP (Table 1 ). The complement regulatory proteins fHbp, Opc, NspA, and NhbA, as well as proteins of the two-partner secretion system (HprA, HprB), were also enriched in SOMVs. Furthermore, trace metal binding and uptake proteins (Tbp1/2, LbpA, FetA/B, ZnuD, HpuB), the autolysin OMPLA, other transporters, and a group of 14 protein of unknown function were enriched in SOMVs. The two porins PorA and PorB, the peptidoglycan (PG)-binding protein RmpM, the multidrug efflux pump channel protein MtrE, the pilus pore protein PilQ, the macrophage infectivity potentiator, and three proteins of unknown function were depleted in SOMVs compared with those in the OM (Table 1) . Of the 20 periplasmic proteins more abundant in SOMVs, 7 are involved in transport, functional maturation of proteins, and cell wall biogenesis. However, the functions of 11 of these 20 proteins remain unclear. The three putative lytic transglycosylases MltA, MltB, and Slt, which are likely to be involved in cell wall remodeling and have been suggested to be involved in SOMV release (48) , were depleted in SOMVs. Since the total amounts of PorA and PorB make up more than 50% of the OM protein mass (Fig. 3D) , the subtle but statistically significant 1.4-fold depletion of PorA and PorB in SOMVs (Table 1 ) has a considerable impact on the total protein composition. Verification of proteomic data. To verify differences in the relative abundance of proteins in SOMVs and the OM, we quantified fHbp, NMB0801, NMB1475, Opc, ZnuD, PorA, and PorB by Western blotting and NspA by ELISA. Subsequently, we calculated the SOMV/OM relative protein abundance ratios. We observed a good correlation between the SOMV/OM values obtained from MS and Western blotting or ELISA, respectively (Fig. 4) .
We finally asked whether the relative abundance of proteins in SOMVs and the OM is a general property of meningococci. For that purpose, we also purified the SOMVs and OM from strain 2120csc
Ϫ . For as-yet-unknown reasons, we were not able to sufficiently separate OM particles of strain 2120csc
Ϫ from contaminating cytosolic proteins by gradient centrifugation. The bands were repeatedly fuzzy and difficult to retain. This probably led to an increased proportion of cytosolic proteins (22% versus 16%) and an increased number of quantified cytosolic proteins (164 versus 52) Therefore, we compared the SOMV/OM values of only 155 proteins obtained by MS from strain MC58csb Ϫ against the SOMV/OM values of the same proteins from strain 2120csc Ϫ (Fig.  5) . We observed a good correlation between the SOMV/OM ratios of the two strains. This finding indicates that the differential distribution of proteins between SOMVs and the OM is a general trait of genetically distant lineages of the genetically very heterogeneous species N. meningitidis. However, of the 73 over-and underrepresented OM and periplasmic proteins in SOMVs of strain MC58csb
Ϫ , 12 showed the contrary distribution in strain 2120csc Ϫ , i.e., NMB1497, NMB1578, NMB0035, NMB2091, PotD-1, NMB0787, NMB0623, PorA, NMB1592, NMB0872, MltA, and NMB0109. (12, 13) . Recently, van de Waterbeemd et al. compared the distribution of proteins in SOMVs and two different vaccine preparations (EDTA-induced NOMVs and sodium deoxycholate-induced DOMVs) also with the help of a labeled internal standard (49) . They identified 140 unique proteins in SOMVs, but only 113 or 86 of those proteins, respectively, could be quantified against NOMVs or DOMVs. Both sodium deoxycholate and EDTA treatments led to the enrichment of OMV preparations with cytosolic proteins (23) . However, EDTA has been shown to cause the depletion of major OM proteins from OM preparations (47) . Aiming at qualitative and quantitative comparisons of SOMVs with the OM, we therefore decided to obtain the OM fraction by the mild "shake-andbake" method. This is the first proteomic study of SOMVs that also determined the relative amount of each quantified protein within the protein samples. The sums of the relative quantities of all proteins (NSAFs) from both the SOMV and OM fractions belonging to a distinct subcellular localization showed that the proteomic composition with regard to subcellular localization was very similar between the SOMV and OM fractions (Fig. 3B) . Both SOMV and OM preparations contained a large proportion of OM proteins but only small proportions of cytosolic proteins. We are therefore confident that OM preparations obtained by the "shakeand-bake" method resemble the natural OM with regard to protein composition.
Protein composition of OMVs with regard to subcellular localization. We identified and quantified 62 OM proteins but also high numbers of IM (n ϭ 14), periplasmic (n ϭ 28), and cytosolic (n ϭ 52) proteins. Periplasmic proteins are a natural cargo packed into the blebs during vesiculation. Cytosolic proteins found in OMV fractions have been regarded as an artifact of the OMV preparation process (for a review, see reference 50). Since high levels of cytosolic proteins (30 to 40%) and IM proteins are constantly found in highly purified OMV preparations of different species (9-11), their identification might prove them to be a natural constituent of OMVs. Neisserial SOMVs contain DNA (51).
In the same way, as it is counterintuitive that cytosolic proteins are constituents of OMVs, one may ask how bacterial DNA is packed into OMVs. The recently discovered OM-IM vesicles (O-IMVs) of Shewanella vesiculosa might explain the presence of both DNA and cytosolic proteins. During the formation of O-IMVs, in addition to OM and periplasmic content, IM and portions of the cytosol are also included (52) . Future studies have to clarify whether the formation of O-IMVs is also applicable to N. meningitidis. Differential distribution of proteins between SOMVs and the OM. We identified and quantified 61 OM proteins, which represent about 80% of the protein mass of SOMVs according to the NSAFs. Of those proteins, 45 were enriched and 9 were depleted in SOMVs. Among the enriched OM proteins, we identified five out of six autotransporter proteins encoded in N. meningitidis strain MC58 (53) . Autotransporters are involved in autoaggregation (54) and contribute to the adhesion (55) and biofilm formation of N. meningitidis (56) . Furthermore, the meningococcal two-partner secretion system contributing adhesion (57) was enriched in SOMVs. It remains to be determined what impact the enrichment of the above-mentioned proteins has on nasopharyngeal colonization or pathogenesis.
Among the OM proteins enriched in SOMVs, we found complement regulatory proteins fHbp, Opc, NspA, and NhhA (55, (58) (59) (60) . Why does N. meningitidis sort complement regulatory proteins into SOMVs, although these proteins modulate complement activation on the bacterial surface? Opc-and NhbA-mediated elevated vitronectin and heparin binding might enable SOMVs to act as an anticoagulant counteracting blood coagulation to contain the systemic spread of meningococci during systemic infection. Furthermore, effective heparin or vitronectin binding (55) might elevate SOMV binding to host structures.
OMVs mediate intraspecies communication (4) . The fusion of meningococci with SOMVs might explain why DNA-containing SOMVs contribute to natural transformation (51) . In this study, several factors involved in iron or zinc acquisition and transport were enriched in SOMVs. It remains to be determined whether iron-or zinc-loaded SOMVs might be conducive to trace element acquisition. The altruistic sacrifice of subpopulations in favor of surviving subpopulations is a well-known phenomenon among prokaryotes (61) . SOMVs might contribute to trace element acquisition under zinc-or iron-depleted conditions for a surviving meningococcal subpopulation, whereas the SOMV-donating subpopulation is expected to die.
The largest group of overrepresented OM proteins in SOMVs (n ϭ 14) was without any known function. Furthermore, 11 out of 18 overrepresented periplasmic proteins, which resemble the SOMV cargo, lack any function so far. Among the proteins depleted in SOMVs, we identified the porins PorA and PorB, which contribute more than 50% of the mass of all of the OM proteins according to the NSAFs. Since PorA and PorB are the most abundant proteins within the OM, a moderate relative depletion within SOMVs of both proteins already has a substantial impact on protein composition. Proteins anchoring the OM with the PG or the IM, such as the pilus pore PilQ, RmpM, and the multidrug efflux pump channel protein MtrE, were less abundant in SOMVs.
Mechanisms of SOMV formation. Well-established theories on the mechanism of OMV formation in different bacteria include the reduction of OM linkage with PG and a local PG fragmentmediated increase of turgor, which both might induce OMV release (2) . In N. meningitidis, the knockout of membrane-bound lytic transglycosylase A (MltA), which is involved in cell wall recycling and remodeling, elevated SOMV release (48) . Here, we demonstrate that the membrane-bound lytic transglycosylases MltA and MltB and the soluble lytic transglycosylase Slt were depleted from SOMVs. Therefore, SOMVs might be shed from OM regions with reduced lytic transglycosylase concentration and activity. Recently, elevated levels of SOMV release were shown for a mutant form of RmpM (62) , which is an OM protein with PGbinding capacity (63) . In this study, RmpM, PilQ, and MtrE were depleted from SOMVs. Since MtrE belongs to two different transmembrane multidrug efflux systems (MtrCDE, FarABmtrE) and the pilus pore PilQ is part of the transmembrane pilus apparatus, we furthermore suggest that SOMVs are released from OM areas with reduced linkage to PG or IM. The depletion of PorA and PorB from SOMVs is explained by complex formation with RmpM. Complexes of RmpM with PorA and PorB are the most abundant protein complexes within the OM of N. meningitidis (64) . A hypothesis of SOMV release that we derived from the proteomic data is shown in Fig. 6 .
We provide evidence of quantitative proteomic differences between SOMVs and the OM the vesicles are derived from. The SOMVs were enriched for autotransporters, complement regulatory proteins, and trace metal uptake and transport components, which implies as-yet-unknown functions of SOMVs during the onset and progression of meningococcal disease. The depletion of OM-anchoring proteins and lytic transglycosylases points to the involvement of two distinct mechanisms of SOMV formation in N. meningitidis.
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